ABSTRACT : This paper investigates the effects of micro-tunneling on buried pipelines parametrically. A simplified numerical approach was developed and various parametric studies have been conducted to evaluate the effects of ground settlements on the response of buried pipelines. The controlled parameters included the pipe stiffness, ground loss magnitude, and pipe location with respect to a micro-tunnel. Maximum settlement and curvature along a pipeline have been investigated and compared among others for different conditions. In addition, the numerical results have been compared with a theoretical method by Attewell et al. (1986) , which is based on a Winkler type linear-elastic solution. The comparison indicated that the response of buried pipes to micro-tunneling-induced ground settlements highly depends on the soil-pipe interaction including the separation and slippage of pipe from soil with the effects of the investigated parameters. Therefore, rather than using the theoretical method directly, it would be a better assessment of the response of buried pipelines to consider the soil-pipe interaction in more realistic conditions.
Introduction
Micro-tunneling has some unique features that result in a reduction in the types of ground losses in comparison to those that occur around larger tunnels in which the lining is erected in the tail of the shield. In addition, the smaller diameter of the micro-tunnel results in a smaller total volume loss compared to a large tunnel, and, when the micro-tunnel is at shallow depth, the width of the settlement trough is much smaller. However, the potential for ground movements caused by micro-tunneling does exist and should be addressed in the project planning and in the contract documents and contractor's submittals. Because micro-tunnels are often driven in the street, in relatively straight lines between shafts, the street and utilities usually have the potential to be impacted, particularly if the micro-tunnel is located at shallow depth below existing utilities. However, the methods also do not consider the separation and slippage of pipe from soil. As mentioned above, the most studies have some limitations of proposing a relationship among pipe stiffness, pipe location, and ground loss conditions of micro-tunnel.
Considering the separation and slippage of pipe from soil, this paper investigates the effect of micro-tunneling-induced ground settlements on buried pipelines using parametric studies based on a simplified numerical approach. The study provides a relation between ground settlement and pipeline deformation in the controlled variation of pipe, ground, and micro-tunnel conditions and provides a better understanding of the complex 2. Ground loss due to micro-tunneling and its effect on pipelines Fig. 1 illustrates the sources of ground losses that can occur around shielded tunnels in which a lining is installed in the tail of the shield. Ground losses can be divided into two categories: 1) large, localized ground losses, principally into the face of the shield, and 2) regular or systematic ground losses into annular spaces created during passage of the shield.
Bennett (1998) analyzed full-scale field tests with three different types of micro-tunneling machines, which were slurry machine, auger machine, and retrievable machine. The test bed for these three machines was created such that multiple soil types would be encountered for each test, and the contact between soil types was flat-lying so that two soil types would be encountered in the same face in the transitions between soil types (so-called mixed face conditions). Bennett (1998) summarized the three basic types of ground movement associated with micro-tunneling, based on the results of micro-tunneling through test beds and field measurements and observations on micro-tunneling projects.
• Large settlements -uncontrolled settlement due to construction practices including inadequate slurry or mechanical face pressures, face erosion, and soil drag along pipes
• Systematic settlements -deformation into the annular space formed by the overcut between the excavated surface and the exterior of the tunnel pipe.
• Heave -most often caused by excessive face pressures, swelling clays, and overpushing.
The most common causes of large ground losses are mixed face conditions and water infiltration. One of the major concerns in a micro-tunneling project is the effect of the ground movements on nearby utilities.
Construction-induced damage to a pipeline may be immediate or may simply reduce the service life of the pipeline. In terms of the structural design of the pipe, failure includes incidents leading to a significant leak or requiring immediate repair, but also includes excessive deformation associated with yield or buckling.
The life expectancy of a buried pipeline is heavily dependent Table 1 . Possible causes of large settlement and methods of avoiding (Bennett, 1998) Cause of large settlements Methods for avoiding large settlements on the stress level experienced, together with the debilitating effects caused by corrosion. Besides the magnitude of ground movement, the form of ground movement, the interaction of the pipe with the ground, and the deformation properties and strength of the pipe are also influences that affect pipe performance.
The direction of the tunnel relative to that of a pipeline has also an important influence. For pipes oriented transversely to the tunnel, a Gaussian distribution (Peck, 1969 ) of ground movements imposed on the soil beneath the pipe will cause deflection and longitudinal bending moments in the pipe.
Lateral strains parallel to the axis of the pipe will also develop. These parameters depend, among other things, on the longitudinal rigidity of the pipe and the stiffness of the surrounding soil. The more rigid a pipe, the greater is the restraint to ground movement and consequently a greater bending moment will be generated for a given pipe deflection.
Longitudinal bending moments can also result from local variations in ground movements or soil-pipe stiffness. These stresses will be randomly distributed along the pipe. any additional movement will increase the leakage rate.
Otherwise, typical horizontal ground movements of 20～40 mm, depending on joint type, is required to cause leakage associated with joint pull-out. Table 2 summarizes a preliminary evaluation of the possible effects of tunneling-induced settlements (Attewell et al., 1986 ).
To correctly consider the effects of tunneling on buried pipelines it is useful to have an idea of the pipe stresses that arise from other causes. These include earth loads (e g. associated with consolidation), internal pressures, system disturbance caused by adjacent excavation, restraints to free movement associated with temperature changes, soil movement associated with frost heave and other possible causes.
Simplified numerical approach and extended parametric studies
The advantages of numerical analysis are that many different conditions can easily be considered under limited time, cost, and space, and reproducible analyses are possible.
Modeling of the soil with an advanced constitutive model would be desirable for a specific field condition. However, the field and construction conditions in reality are all different for each case and therefore, for the purpose of providing a general concept of pipe deformation to a ground settlement, it would not be the best way to model the entire excavation procedures with some excavation complexities for a specific condition. Instead, more simple and conceptual approach would be better for such a purpose which is the same one of this study. In the practical point of view, the numerical approach adopted in this paper is consistent with the way that potential impacts on pipelines are assessed frequently in practice in which first, the free-field ground settlements are assessed, and then its impact on the pipeline is evaluated, taking into account soil-pipe stiffness.
For this purpose, a simplified numerical approach was developed for the soil-pipeline interaction analysis problems. . This code is widely used for a discontinuum analysis as well as a continuum analysis and can easily simulate a large separation between soil and pipe due to ground settlements. The pipeline was simulated as a beam element that has the bending stiffness (EI) equivalent to that of the pipe. The entire geometry of field conditions was not simulated, but instead green-field ground settlements obtained from a volume loss due to micro-tunneling were applied to the soil mass (see Fig. 2 ). An interaction was allowed to occur between the pipe and soil mass. Before investigating the interaction between the soil and the pipe, the green-field settlement profile obtained at the pipe location, in the absence of the pipe, was checked with the settlement profile applied at the base of the soil mass. This procedure was to ensure that the settlement profile at the pipe location is representative for the given green-field settlement profile applied at the base of the soil mass. The green-field settlement profile obtained at the pipe location was close enough to the settlement profile imposed at the base of the soil mass (Fig. 3) .
Volume loss in a micro-tunneling was calculated, assuming At the beginning of the numerical analysis, initial equilibrium All displacements were reset to zero and the boundaries at the soil mass were made free before the Gaussian settlement profiles were imposed on the soil mass. The equilibrium condition was ensured with the boundaries roller-supported at the soil mass after the imposed Gaussian settlement profiles.
The deformation and curvature of a pipeline were examined after the final equilibrium.
The validity of the numerical approach was investigated comparing the theoretical study performed by Attewell et al.
(1986) with the numerical simulation for a specific condition of zero pipe stiffness in which the effect of pipe stiffness is none and therefore, the results of both methods should be same. From the direct comparison (see Fig. 4 ), a good agreement was found between the theoretical study and the λ = damping factor EpIp = pipebendingstiffness Es = soilstiffness υs = soil Poisson's ratio d = pipe outside diameter Keff = effective modulus below the surface K∞ = modulus of subgrade reaction for an infinite beam numerical simulation and it was concluded that the applied approach was reasonably valid. Thus, the investigation provided a strong foundation to extended parametric studies. Table 3 summarizes the cases of the numerical parametric study. A total of 18 cases were analyzed with the varying conditions of the pipe diameter, the pipe thickness, the pipe embedment, the distance from pipe to micro-tunnel, and the magnitude of ground loss. The soil used in this numerical 
Result analysis
Cases 1 through 9 are related to the volume loss of 25 mm overcut annulus and Cases 10 through 18 are related to the volume loss of 10 mm overcut annulus. For Cases 1 through 3 and Cases 10 through 12, the micro-tunnel was assumed to be excavated at 1.2 m below the pipeline and for Cases 4 through 9 and Cases 13 through 18, it was assumed to be excavated at 3.0 m below the pipeline.
Figs. 5 and 6 show the numerical results of the soil and pipe settlements for all the conducted cases. The maximum settlements and curvatures along the pipeline were investigated and compared in various conditions (Fig. 7) . As shown in the figure, the maximum pipe settlement increased as the pipe stiffness decreases and the pipe embedment increases.
The maximum curvature in the pipeline had a similar trend.
With the increase of the pipe stiffness, both the maximum In addition, the maximum pipe curvature variation with soil-pipe stiffness (1/iλ where i is the inflection point on a settlement profile and λ is a damping factor which is defined in the figure) was investigated and compared between the numerical tests and the theoretical method. From the various comparisons, it is clear that the behavior of pipelines due to micro-tunneling-induced ground settlements highly depends on the soil-pipe interaction with the factors of the pipe stiffness, the pipe location, and the ground loss.
And therefore, their effect should be considered for assessing the response of buried pipelines to underlying ground excavations.
Failure to understand the soil-pipe interaction problems may cause the misleading results in assessing the pipeline response.
Besides from the pipe and ground properties, the comparison between theoretical method and numerical tests indicated that considering the contact between the soil and the pipe separable and slippable is an important factor for assessing the response of pipelines to micro-tunneling-induced ground settlements (see Figs. 7～9).
Conclusions
The effects of micro-tunneling on buried pipelines were investigated parametrically based on a simplified numerical approach. In addition, the numerical results have been compared with a theoretical method based on a Winkler type linearelastic solution. The following conclusions were drawn:
(1) A simplified numerical approach was developed in this study to investigate the effect of micro-tunneling-induced ground settlements on buried pipelines. The developed approach was verified comparing with a theoretical method for a specific condition of zero pipe stiffness where the effect of pipe is none. Based on the simplified approach this study considered the separation and slippage of pipe from soil to minimize the problems of the previous studies.
The results of parametric analysis in this study provided a better understanding of the complex soil-pipe interaction in pipeline response among pipe stiffness, pipe location, and ground loss conditions of micro-tunnel.
(2) The numerical tests clearly showed that the response of pipelines due to micro-tunneling-induced ground settlements highly depends on the soil-pipe interaction including the separation and slippage of pipe from soil with the factors of the pipe stiffness, the pipe location, and the ground loss. Therefore, rather than using the theoretical method directly, it would be a better assessment of the response of buried pipelines to consider the soil-pipe interaction including the separation and slippage of pipe from soil. 
